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BENDINGTESTSOF METALMONOCOQUEFUSELAGECONSTRUCTION*

By RalphW. MossmanandRussellG. Robinson

IiSumma

Thisthesispresentsa studyof

skin,aluminumalloy,truemonocoque

ingratioof diameterto thickness.

.
..-

rY .-

thebendingstressin smooth“ =
.:

fuselagesectionsofvsxy- “;

Thetestspecimens- circu- ,__.
1s2,thin-waledcylinders- wereloadedto givea largebend- .=-

m ‘ ingstressinproportionto the~hearingstress,in orderto .G
representthecriticalsectiono“fa fuselage. -——-

9

Themaximumunitbendingstressdevelopedin thetruemo- --
nocoquefuselage-sectionsvariedwiththeratioof diameterto :=
thickness.Theresultsof thetestsindicatethat90 percent -“:

of a theoreticallyderivedvalueforthin-walledcirc@sxtukes
I ..

‘willbe obtainedin practice.As a desigmruletheequationis ‘.=
\

suggested:

Fo = 60COOO0
7[t—

Thistypeof constructionhasa relativelyhighefficiency-

60 to 70percentof thebreakingload- afterthefirstfailme.

T?qepreseritdesignrulesgivenin theDepsxtmentof Coin-
-

. merceAeronauticBulletinNo.7-Afortheverticalbulkheads
.* *Thesissubmittedin~~ti~ fulfillmentof therequirementsfor

-.

thedegreeof Engineerin MechanicalEngineerir@Aeronautics,*
StanfordUrAversity.-

b
.

——
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of a monocoqueor seminonocoquefuselageareexcessivelyconser.

,vative.

11.In t r o duc t i on

Monocoqueor shell-typefuselagesaresuchfuselagesas

relyon thestrengthof the skirt to carryeitherthe shearor

theloadsdueto bendingmoment.Theymaybe dividedintothree

classes- monocoque,.semimonocoque,andreinforced

differentpartsof thesamefuselagemaybe in any

classes.

shell- and

of thethree
..

In thetruemonocoquetheonly.reinforcingmembers,if any,
.9

areverticalbulkheadsformedof structuralmembers.Thesemi-

. monocoquehastheskinreinforcedby longeronsandverticaJ_

bulkheads,buthasno diagonslwebmembers.Thereinforcedshell —
has theskinreinforcedby a completeframeworkof struct~sl ,

.
members.

Theusualtypeofmonocoqueandsemimonocoquefuselageuses ‘T
corrugatedskin,withthecorrugationsp~a.llelto thethrust —
axis,o??smoothskin. Forthesamethicknessof sheetthecor-

rugatedskinis strongerthanthesmoothskin,but it is slso

heavierandtheaerodynamicefficiencyis notashigh. There

arealsostructuraldifficultieswiththecorrugatedskinthat

arenotpresentin thesmoothskintypes.

Smoothskin,truemonocoque,fuselagesectionswereusedin

%hisinvestigation.Thecurvedsheetis theelementcommonto
●

--

k

—.
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●

sJ.1typesofmonocoqueconstruction- plaincirculalor ellip-

ticalsections,corrugatedcircularor ellipticasections>

rectangularsectionswithrounded-offcorners,or anyof these

sectionscombinedwithlon@tudinalstiffeners.Therefore,it

was decidedto studythethincu~ed sheeton~Yjas nearlyas

possible,eliminatingstiffeningof everykindwiththeexcep-

tionof a bulkheadrtngs It is realizedthatthisis onlythe

firststeptowardthecompletes~lutionof themorecomplex

sections.Thesectiontestedis themostlogicalfirststepin

thatit is thesimplestandhasonlyonevsxiable,the D/t

ratio. Iftherelationbetweenthemaximumstressand D/t C=*

be determined,theresultswillbeusefulin smalyzingallsec-

tionscontainingcurves.

Thecylindersforthisworkwereco~stiuctedanddonated

by TheDouglasAircraftoompany’ofSantaMonica.TheEnginee3?-

ingDepartmentof theDouglasCompsnys~ggeste~theproble%

andtheiradvice,especiallythatof W. A. E. RaymondzwasverY

helpfulin allstagesof theproject.

Thetestingwasdonein theD~iel Gu~gefieimAerona?~tic

LaboratoryatLelandStanfozdJunioTUniversityunderthedi-

rectionofProfessorsE. P. LesleyandA. S. Niles.
i-

Thepurp~seof thisinvestigationwasto determine:

1, Them,aximui.iellowablestressin thetrue
monocoque-fuselagesections;

2.How them~imum stressvariedwiththeratio
of dim.etcrto thickness;

f

4

—

.

.-

.

—
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3.Thetypeof failureof

4. Thenerce~tageof load

4

thesection;

thatthesection
wofildcarr~afterfirstfailure;and

5. Theactionandstrengthrequiredof the—
bulkheadring.

Thecxiticalsectionin a ~onocoque

the sectionjustto therearof thewing

fu&el&ageisusually

supportsas thetotal.

bendingmonentisnormallygreatestthere. Theratioof bending

momentto shearforthissection,in theaverageairpl~e,is

about120to 1, comparinginch-poundstopounds. Theimportant

variablein constructionis theratioof diameterto thickness.

In a particulardesignthediameterof thefuselagei~ fixed

withinsmallliraitsto meettheloadc~kyingrequirementsand

to obtainaerodynamicefficiency.Thediameterto thickness

ratioandbendingstrengthof thesectionmayvaxygreatly,de-

pendingon thethicknessof skinused. Thetypicalbulkhead

sectionusedmaybe openor closed.

Thecylindersusedin thetestsrepresentthecriticalsec-

tionof a fuselageandtheloadinggivestheratioof bending

momentto shearfoundin a typicalairplane.Thesheetthickness

wasvariedto giveratiosof diameterto ‘thicknesswhichwould

covervalueslikelytobe usedin averagedesigns.An openbulk-

headsectionwasused. Thecylinderstestedgiveresultswhich

—.

—

.

canbe directlyappliedin the desi=~of a monocoquefuselage

of similarconstruction.
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111.Theory

5

.

St.Venant~ssolutionof thebendingproblemis:

Themoment M is a maximum,fora given I/y, whenthebending

stress ‘b> is takenas themaximumtensilestressof themate-

~rial. Oneassumptionmadeby St.Venantandusedin ordin~y

designworkis thatthemaximumallowablebendingstressormod- .-
ulusof ruptureremainsa constadof theorderof magnitudeof .—
themaximumtensilestressforvariationsin cross-sectional

? form. Consideringa circulccctubewhosecross-sectionalarea

isheldconstant,St.Venanttstheorywouldstatethatthemax-<
imumallowablebendingmomentvsxiesdirectlywiththe I/y of

thesection,as thelatterincreasesindefinitely.Therefore,

the—equation:

maximumEiomc?nt= modulusof Zuptrmex I/y,

shouldapplyto a monocoquefuselagesectioninwhichthe ~/Y

isverylar~edueto thedispositionof a thin.shellof mate-

rialat a lagr radius.

ThisisnotthecasebscauselfthinHsectionsareinvolved.

~ Thinsectionsfailby elasticinstability;thereforetheir

strengthdependson the~odulusof elasticityandnot on the

\ -altimatetensilestxengti~of thematexial,andthewit stress

at failuremayvarywithinwidelimits.Oneof tilemostcommon
->

—..- —-
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typesof sheetfailure,dueto thelowerallowablestressesof

thinaaterial,is thebuckledor lobedforminwhichthebeam

sectiondoesnotfailas a whole,butcrinkleslocally.This

violatesanotherassumptionof St.Venantbecausehe specified

thatthebeamsectionshouldnotchangematerially.He consid-

ersthestressin anyelementproportionalto itsinitialdis-

tancefrointheneutralaxis,takingno accountof thefactthat

deformationsoccurwhichwillchangethisdistanceand,hence,

thestress.

St.Venant~ssolutionis arrivedatby neglectingtermsof

a htgherorderthanthefirst,suchas thosewhichwouldmake

the stressproportionalto theactu~ distanceof an element

f“romtheneutralaxisinsteadof to itsoriginal.distancebe-

foreitwas strained.Thisexplainswhyhislinearexpression

doesnotfita bodyinvhichthecrosssectionccnbe.defor”med
.—

—

withrelativeease. Mr.R. V. Southwell(Reference1) shows

thatinproblemsInvolvingstability,secondordexeffectsmust

be consideredandthgtishow theresultsdevelopedby W. L.

G. Brazier(Reference2) andusedin thisworkareobtained..
Mr.Brazierconsidersa thincylinderof circul~cross

sectioninpurebending,assuminggeneralequationsforthe

shapethecrosssectionwillassumeunderbending.He deter-

minesthisshapeby theconditionthatthepotentia3energyof .
thestressedtubewillbe a minimum,andcomputesthemoment

thetubewillcarry. Theendconditionsaxeeliminatedby con- -m

—-

*
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sideringthesectionof thetubebeinginvestigatedto be a por-

tionof a closedtoroid.The imposedbendingstressesaredue —

andproportionalto thecurvaturec, of thetoroid.Instead

of parallelingtheworkof St.Venantby writingtheequations

of equilibrium,leavingin termsof a higherorder,he sets —

downthedisplacementsVo, tangentially,and W. radially,

whicha sectionof thetubewouldsufferaccordingto St.Venant*s

linearsolution.Withthetubein thisconditionhe considers

a furthersy~temof displacementsVI andwI, theironlylimi-

tation-beingthat””theydonot causethecircumferenceof the

tubeto lengthen.Thisis reasonablebecause,accordingto

Bassett(Reference3),theenergyabsorbedby anyextensionalI

displacement(comparedwitha flexwal~splacement)iSmathe-

maticallylargeandthereforeprecluded.Addingthesetwosys-

temsof displacementsandthushavingewressionsfOrthedis-

tance of anyelenentfromtheneutralaxisin termsof v andw

—

, md thelongitudinalstrainitundergoes?~on&itudincflstr~~n .—

beingp~oportionalto thisdistome,an integralexpressionfor

thetotalstrainenergyperunitlengthof thetubeis setup.

Thedependentvariableof thisintegral,sincethedisplacement

w maybe expressedin termsof V, is thetotaltangentic3

displacementv, of anyelementan angulardistance8 froma

fixedpointon thecrosssectionof thetube. By thecalculus

of variationsthise.~ressionforenergyismadea minimumand

v evaluated.Theresultis in termsof theundeterminedcurva-



b
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ture c, of thecenterlineof thetube..Thedifferentialcoef-

ficientsareevaluatedby considerationsof symmetryandof con–

tinuityof thecircumference.Thedisplacementsfoundby minim-

izingthestrainenergyexpressionshouldbe theresultwtto- .

taldisplacementsbecausetheywillprovideequililmium,when

thecurvaimrec, is evaluated,withthepotentialor strain

energyof thebodya minimum.By substitutingthesedisplace:

mentsin thestrainenergyintegralandperformingtheintegra- ‘

tion,thetotalenergyis obtainedandif theresultingexpres-

sionis differentiatedwithrespectto thecurvaturec, the

resultis themomenttransmittedby thetubein termsof c**

Therelationisnot

Venant~ssolution.

M=&l

thestraightlineone, M = Z I o, ofSt.

Instead,it is

r= t (2c-
3r4c’ (1-02))

t2
.

Thisequationdefinesa curvewhicheverywheregiveslowervsl-

ues of K thantheSt.Venantstraightlineandwhosepositive

slopedecreasesto zeroandbecomesnegativeas c is increased.

Wheretheslopeis zero,themomentdevelopedis a m~imum~ c’ .

is evaluatedforthispoint,substitutedbackin themomentmu>

tion,tadthefollowi~~resultobtainedformaximummoment:

~ 2JZETrrt’ ‘~r t=
=—

9 J-ini=--
= 0.99 — (1)

1-_g2

where r is theradiusof thecircularcrosssection,t is

* SeeAppendixIII*
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,thewall-sheetthickness,o isPoissontsratio,and E the

modulusof elasticityforthematerial.Forthismomentthe ,

displacementsaresuchas to givea quasi-ovalshapeto the

sectionwitha maxi~m radialdisplacementof thetensionand

compressionsidesof

2w =—
9r (2)

Physicallythisflatteningis accountedforby thecomponents

directedtowardthecenterof thetubeof boththetensionon

theoutersideof thetubeandthecompressionon the innerside

, of thetube(outerreferringto thesideawayfro~thecenterof

curvatuzeof thecenterlineof thetube,innerreferringto the

sidencaxcstthecenterof curvature).Thecomponentdueto the

tensionor compressionat anypointisfoundto be %
—

P =Ec2rtcos9 (3)

andis checkedby thefactthatifthisnormalpressureis

appliedto theoutsideof an infinitelylongcylindxicashell

the distortionof a sectionis thesameas givenby thesecond

systemof displacementsconsideredforthetubeinbending.

Mr.Brazierthenattackstheproblemby a differentmethod .

becausetheallowablebendingmoment,fozthetubew~ichtties

theovalsectionalforubeforefailure,is derivedconsidering

onlyterm as highas tlie seoondorder. In ordertobe sure

thattermsof a higherorderdo notreducetheallowablemoment .

,furtherjSouthwellis(Reference1) generaltheoryforshells
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underconbinedendthrustandnormalpressureis applied,forhe

arrivesat thepossibilityof a lobedformof distortion.Mani-

festly,sectionsof thecompressionhalfof a tubeinbendingcan

be consideredas sectionsof a thin-welledcylinderwithcom-

.pressivcstress&rying accordingto thedistanceof thesection

fromtheneutralaxisinthetuberesistingbending.Theexter-r
nalpressure

whichis the

curvatureof

is evidentlythepressure,p, of equation(3)

componentof thetension.or compressior~causedby

theaxis. HOWto followthea,xisllo~dsaroundthe

P-

.

crosssectionandcombinethemwiththeeffectof thenormal

pressureto findthestabilityconditionsandtheireffecton one

anotheris a difficultproblem,butit is conservativeto combine

P wit-nthe~i~ 10adat theuoststressedpoht of thecom-

pressionsidewhichwilljustsatisfytheSouthwellrelationfor

collapseintoa lobedform. Thisis doneandan equationforthe

beamcumature, c, foundwhichcontainsa variable,k, mhosc

positiveintegralvaluecorrespondsto thenumberof lobesinthe

deformedsection.Forthecaseinwhich k = Q, thecross

sectioi~remainscirculsxbutthediameterv~ics sinusoidally

alongtheaxis. Thecase k = 1 isthepurestrutfailule

describedby Ner inwhichthe

of k greaterthan1 represent

equationfor c is transferred

thefollowingresult:

centerlineis displaced.Values

casesof localbuckling.Tine

intooneof maximummomentwith

-—
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m

wherethevaluesof q are:

k; q

2; 0;643
● 0,788

:; 0,843 .
: 0.872

b 0.893

Thesevaluesof T arerationallyderived.

Itwillbe notedthattheformof equations(1)and (4)
●

is thesame. AccordingtoMr.Brazieritmayreasonablybe in-

ferredthattheformis adequateandthatitwillbe necessary

to calluponexperimentalresultsto”showwhethercollapseinto

a lobedforiidoesintervensWfw’,.% colkpseof thetype(1)

or:g:.nallydiscussed.Sincethecoefficientis mailerfor

(4)t“hanfor (1),itwouldseemreasonablethata multilobed

failurewouldoccurbeforethattypedescribedby (1). Thatis

to say,thetubemustcollapse”inthemannerdescribed-asthe

ovalsectionalformwhencoadition(1)is reached,buta lobed

deformationmayoccurearlier.Theearliestpointat whicha

lobeddeformationcanoccuris obtninedby replacingthecon-

stantin (1)by thevalueof T forthenumberof lobesconsid-

ered. Further,theresultsof theexperimentalwork(doneby

Mr.Brazier)indicatethatactually”thetubecollapsesinto

thethree-

theregion

Tests

or fourvlobedformbutnotuntilthetubereaches

givenby (1).

weremadeof celluloidcylindersveryaccuratelymade

—
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to a meanradiusof 0.361inchandwall.
(D/t= 168) whichcheukedequation.(l)

of+l.6percent. Theirlengthwas 16.7

.
,“4“-h

12

thicknessof 0.0043inch

to a maximumvariation

inches.

Applicationto aluminumalloy.-Equation(1)canbe put into

a moreeasilyusedformfordesignpurposesby expressingthe

‘maximumallowablebendingstressin termsof t andr. Remem–

beringthatthederivationisfora hollowcircularcylindrical

section,

M Ert2= 0.99 _
~_02 =

l?b= 0.99E r t2
nr2 t~~

●

AssumingE = 10,OOO,OOO*lb.per sq.in.,

9900000 t 9900090~-=—.
lTJl- 0.09 r

3350000 6690000
T=T

0.954~r

(5)

and a = 0.3,

“ (6]

Thin-walledcylindersincompression.-Althoughthebending

theoryofReportsandMemorandaNo.1081appliesmostdirectly

to theproblemathandandthoughthetheoryof combinedthrust

andnormalloadas givenby Southwellhasbeenapplied,there

area fewotherobservationsfromthecompressiontheorywhich

‘maybe of assistancein interpretingexperimentalresults.
‘*Foraluminumalloysheet(Reference4).

,.
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Thecriticalseotionwillundoubtedlybe at thecompression

secticnfarthestfromtheneutralaxiswherethestressis
M ym~c If thisvalueforthecompressivestresson a cylinder
I

isused,at leastan inferiorlimitfortheallowablemoment

willbe arrivedatbecausetheskinon eithersideof thecrit-

icalsectionis stressedmorelightly,wouldbe ableto assume

anyslightadditionalloadwhichmightbe shiftedto itby the

criticalsection,andthusdelaytheinstabilityof thiscentral

section.

lY-- Mr.J. Prescott(Reference5, p. 542),

tubeunderendthrustdeformingin theform

discussestheeffectof endconditions.He

feetof therestraintconditionsat theend

fort~ecaseof a ~

givenby k = O, w

statesthatthecf-

fallsto lessthan

1 percentat a distanoeof 7~~ fromtheend,andthata

columnof twicethislengthcouldreasonablybe regardedas a

longtubein this

considerfailures

seemlogical

:tudeforthe

exceptionof

Further

that

case. Althoughhisinvestigationdoesnot

of thetypedesoribedfor k = 2, itwould

endeffectswouldbe of aboutthesamemagni-

differenttypesof deformationwiththepossible

theEulerstruttypeof deformationfor k = 1.

(Reference5,pp.556-558),h. Prescottarrives

at an expressionfortheallowablestressinpureendthruston

“thin-walledcirculacylinderswithoutanyloadsnormalto the

surface.Fromhisabsolutelygeneralease,he arrivesat the

expression:



r
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inwhich m hasthes.memeaningeadvalueos thepreviously

discussedk indescribingthenumberof lobesin thedefoma-

t ion. For m= 2, whichiEItheovalcrossseotionandthere-

forethetypeof failurewhichtakesplaceat thelowestload

accordingto equation(7),
1

Evaluatingthisforaluminumalloy

forphysicalpropertiesasbefore,

P = g x 5,500,000$

whichexactlyagreeswithequation

~2) (8)

by usingthesameassumptions

= 3,300,000:

(6).

Mr.E. A. H. Love(Reference6,p. 208), in

effectof endconditions,saysthatthecritical

(9)
.-

discussingthe

lengthof a

tube(lengthforwhich

productof ~~ and

comparedwith ~“,

gible..

experimentswillcheektheory)is some

thatat a distancefromtheend,great

theeffectof theend conditionsisnegli-

Mr. Southwellsaysof thelobeddeformationItThelengthof ~ -

thetube... isnota matterof greatimportancein thepresent “

problembecausethewavelength(ofthelobe)correspondingto

a minimumvalueof thecollapsingpressureis inallcasessmall,

andthe strengthof any strutof ordinarydimensionsmillthere-

..— —.
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,forebe givenbyequations(90)or (105)....11

Equation(105)fromSouthmellis

(lo)

equation(7)exceptforthepositionof

~oraluminumalloy,.using E = 10,000,000

whichcorrespondsto

the (1- ~2) ter~i

lb.per sq.in.,a =4
unitendthrust),(10)becomes

P = # x 6,050,000

0.3 and k = 2 (givingminimumallomble

t- =“3,630,000$r (11}
.

whichis 10per centgreaterthanthevalue“shownby equations
w (6)and (9).

So littleisknownabouttheWELyinwhichthestressesdue.

tobendingmm be comparedto thoseofpuzecompression,for

thistypeof structure,thatit is difficultto judgewhichof

theequationsalreadypresentedmillfitthe caseof a puremo-

nocoquetubeinbending.Thereis alsotheaddeddifficultyof

predictingwhattypeof failurewilloccur. Therefore,as sug-

gestedby Mr.Brazier,itwouldbe wiseto letexperimentshow

whichoneismostnearlycorrect,in thehopethatitwillbe

an equationwhiohalsoappearstheoreticallyjustified.

Mr.Brazierlstestsprovideda goode~erimentaZcheckfor

equation(1)butwhenhisdiameterto thicknessratio(168)is

comparedto thatdesirablein an airplanefuselageandtested

in thiswork(about2,000),it is seenthataeronauticalengi-
. ~eers are interestedin a volueas farbeyondMr.Brazier$sas

.

L — . . ..+
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hisisbeyondthevaluefor

thesereasons,experimental

importance.

357

theordinary

checkswould

IV.TestOylinders

16

structuralsizes, For

seemtobe of vital

!E~etestcy~indersusedwereconstruc~edandfurnishedby

thecourtesyof TheDouglasAircrafftCompanyof SantaMonica.

Figures1 to 6 inclusiveshowtheconstructiondetailsandgen-

eralappearanceof thetubes.

TQefollowinggivesthedataon thetubes:

Teat Length Diameter Skin D/tratio

1 36 36 0;014 2!573.
2 36 35 0.022 1636
3 36 36 0.032 13.25

Allthematexialof thetubeswasaluminumalloy,heat-ireated.

Thevariationin theratioof diameterto thicknesswas obtained

by changingthe‘thicknessof theskinwhilekeepingthediameter

thesame. Thepropertiesheldconstantwerethe“lengthof the

tubes,thebulkheadsectionsthe spacingof thebulkhead,and

theendflangeangles.The CZosssectionsof thebulkheadand

flangeanglesareshownin Figures5 and6. The ‘%at!;section

bulkheadringwasusedas an opensectionin thetestcylinders.

Itwasrealizedt-hatan opensectionwaslessefficientthana

olosedsectionbecauseof thefreeedges,but itsusewasad-

visedby theDouglascompanyto facilitateinspection,andpaint-

ingin service,

.
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Itwasdesiredto testthebulkheadsectionseparatelyto

determinetheper centof shearcarriedby thebulkheadandby

-theskin. Sincethebulkheadringwasusedas an opensection

in thetestcylinder,theleastohangeinmomentof inertiaand

formfactorocourr.ed.

No longitudinalstiffenerswereused. Theone-piecesheet

hadthelapjointplacedon thetopof thetensionsidesothat

itwouldnotaffeotthebulgingof theskin.

Figure1 showstheactualconstructiondetailsof tubes2

and3. Tube1 differed,

spacing,rivetsize,andr
lattervariationsdo not

. bending,allthreetubes

inadditionto thikness,onlyin rivet
.--.

thenumberof-rivetsused. S$ncethese

affectthe strengthof theskinin

maybe consideredsimilar.In tube1

the 1/8inchrivetsof thedoublerow lap jointhada pitchof

3/8inchwiththerows3/4inchapart. Theflangeangleswere

attachedwitha staggereddoublerowof 3/8inchrivets.The

pitdhof thejointwas 3/4inohandtherowswere5/16inch

apart. Thebulkheadringwasrivetedto the.skinwitha single

rowof 1/8inchrivetsspaced3/4inchapart.

V. Methodof Test

Figures7 b 11 inclusive,showthe set-upof thetest.

Thebackboardwasmadeof 2 X 12 ~d 4 X 4 cle~ s~faced

pine,boltedandnailedtogether.Thefrontendrestson,and

thetworearlegsareboltedthroughthefloor. Thebackboard.

.

.—..— —–a
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deformationundertheloadsof thetest. In testing

No.3 tube,thebaokhoardwaspulledoutin theoentersome

5/16inchatmaximumload,butthebottomboardwaspushedin

thesameamount.Itwas consideredthata section,nearthe

backboard,throughthetubeperpendicularto theoenterline

remainedin thesameplanethatitwas inbeforeloading,and

thattheplanerotatedabouta horizontallinethroughtheneu-

tralaxisof thetube.

Surfabedlmber wasusedandtherewasa goodsmoothfaoe

to whichthealuminmalloytubewasattached.The1/4inch

r. , boltsatt~ohingthefmge of thetubeto thebackboardwere~..
spacedM inchaparton theupper90 degreesof the.flange,.
andtwo inchesaparton theremainderof theflange.Theflange

on theouterendof thealuminumalloytubewasboltedto the

flangeof thegalvanizedirontube. Quarter-inchmaohinesorews

wereusedforthisjoint,thespacing-beingthesqmeas wasused

on theflangeboltedto thebackboard.

Withthetripoda% galvanizedirontubeinplace,thetest

cylinderwas subjectedto a shearloadof 9’7.5poundsanda

bendingmoment,at thebaokboazd,of 6260inch-pounds.The

skinof thetubenearthebackboardwastestedby pressingon

itby hand. Ifanybulgeswerefoundat thisloading,or if

any couldbe formedb.yveryslightexternalpressure,thebolts

throughthebackboardweretightenedor looseneduntiltheskin

* appearedtobe ofuniformstrength.

.
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The0.049inchgalvanizedirontube,twofedlong,was

rolledti,oa 36 inchdiueterandhada 3/4inchflangeturnedup

on oneend. The1-1/4X 1-1/4X 1/4steaanglecompressionlegs

of thetripodandthe 1 X 1/4steel.bartensiontiewerebolt-

ed to thegalvanizedirontube. A* thepointsof attachmentof

thetripodlegs,crossbracesof 1 X lf4 flatsteelwereused

to taketheradialloadsfromthelegs. Thetwobracesin com-

pressionwerestrengthenedwithwoodstripstopreventbending.

Inorderto keepthegalvanizedirontubetrulyciroular,a bulk-

headof,1 X 12 pinewas cutandattachedto theinsideof this

tubeneartheouterend. Thetripodwasusedso

wouldbe applied120inchesfromthebackboard.

Theconcentratedloadsfromthelegsof the

thattheIoad

tripodare”con-

sidereddistributedto a planaruniformloadwherethegd.van-

izedirontubeis attachedto thealuminumalloytube. This

assumptionseemsjustifiedbecauseno bulgesocc~redin.the

first18 inchsec’cionof thealuminumalloytube. Sinceno

bulgesappearedin thefirst18 in& section,thisseotionwould

alsohelpto distributetheloadto thecriticalsectionwhich

is theonebetweenthebulkheadringandthebackboard.

Sinceitwasnecessaryto measureonlythechangein

of theverticalaxisof thebulkheadring,themicrometer

rangementshownin Figures10 and

rod A, goesthrougha 9/32inoh

topof thetube,oneinohbaokof
.

length

ar-

11wasmadeup. The1/4inoh

holein thelapjointon the

thecenterof thebulkhead.

It isattachedto thecenterof thebulkhead,on thebottom,
●
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*
witha small

runningin a

.

machinescrew. Thesteelmicrometer

bakelitenut B, canbe adjustedso

20

screw c,

thatthereis

no playor backlash.Thenutis slippeddownovertheendof the

1/4inchrodandattachedfirmly.Thescale D, is graduated:

in 0.025inch. Theheadof themicrometerscrewisgraduatedto

read

eter

with

0.001inch. An electricbuzzerwasusedwiththemicrom-

screwto indicatewhentheendof thescrewcamein contact

thetube. Oneleadfroma drybatterywas attaohedto the

micrometerscrew. Theotherlead,containingthebuzzer,was

attaohedto thealuminumalloytube.

Theloadingplatformhungon +hetripod120inchesfromthe
●

backboardandwasloadedwithbagsof shot. Thebagsof shot

. werein twenty-five,ten,andfivepoundsizes. Theincrement

of loadwas addedanda deflcotionmeasurementtakenaftera

minute’stime. At failure,theplatformwas allowedto fall

abouttwoinches.Theloadwasremovedslowlyuntiltheplat-

formraisedclearof itssupports;thenmoreloadwasaddedto

determinetheloadthatthetubewouldoarryafterthefirst

failure.

Thethree

resultsof the

VI.Resultsof Test

datasheets,foundin AppendixI, givecomplete

tests. Inbrief,theywereas follows:
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kEL 1 2 3

Fb maximumbyequation(6) “25674034 5867

‘b 11 atbackboard,by test 2150 3890 5570

‘$ of fb testto Fb of (6) 84 97 95

$ of secondfailureto firstfailure 67 72 61

Thetypeof failureis shownby Figures12 to 17 inclusive.

In test1 thefirstbulgesoocurredwitha shearloadof 186.5”

pounds.Therewasonebulgeon thebottom,1/4inchdeep, As ‘

theloadinoreased,morebulgesformedon eithersideof the

.

.

bottomas areshownby thefigures.Thed~pthof thebulges . .—
justbeforefailurewere: bottombulge3/4inoh,mainleftand

rightsidebulges23/32inchdeep. Therewereothersmaller

bulgessymmetricallyplaced.In test1 therewasprogressive

failuredueto thebulgesformedat smallloadsandincreasing

in sizeuntilthetubefailed,thoughtherewas onerather&
suddenincreaseofbulgedepthfrom1/4inchto 3/4inchwhen

theshearbeoame246.5pounds.

Tube2 hadonlyonesmallbulgein itduringthetest.

Thiswas observedfromthestartof thetestandwasprobably

dueto a highspotin theflangeangle. Thisbulgewason the

rightsideof thetube,about25 degreesdown“fromthehorizon-

tal. Justpreviousto failurethisbulgewas 5/16inchdeep.

No otherbulgesoccurredduringthetestuntilfailurewhenall

thebulgesoccurredas thetubefailed.
* ,.

In test3 nobulgesoccurreduntilthefailureof thetube.

.
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A negativebulkheaddeflectionmeansthattheverticalaxis

of thebulkheadringshortened;a positivereadingindicates

thattheverticalaxiselongated.Justbeforefailurein test1

thedeflectionwaspositive0.1~9inches,in test2 therewasno

deflection,andin test3 thedeflectionwasnegative0.0105

inches.In allcasesafterfailurethebulkheadringshowed

co~sidere.blepositivedeflection.

TT~I. D i.scus s i on

ThetestresultswouldshowthatthetheoryofR.&M No.

* 1081resultinginequations(l),(5),and(6)canbe reasonably

appliedtopuremonocoqueconstructionsucha.sthetestssimu-
.

lated. It is a littlediffioult,however,to justifytheappli-

cationof theseequationsbecauseof thesmslldistancebetween

bulkheads,thecase k = 2 requiring,withtheexceptionof

k 1,= thelong~stcylinder“foritscorrespondinglobeforma-

tion. On theotherhand,applyingthestatementsofLove and

Presoottregardingendconditions,it is foundthattheireffect

is negligibleat distancesof threeandsixinohesfortests1

and3, respectively,so that,thoughthebulkheadspacingis

~mallcomparedto thelengthof tubeusedby,Brazierinhis tests,

thereis a sectionof thetestcylinderin everycasewhichmay

actas equations(1)or (4)predict.Figure12 showsthatthe

lobesnearestthebackboard,in everycase,aredistantfrom

theendby approximatelythesedistances.

.

_—
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Thetestresultsshowequation(4)tobe conservative,as

admittedby Mr.Brazier,beoauseof theassumptionsin itsderi-

vation.Equation(1)wouldseemtobe theoneto applyto con-

structionsimilazto thetypeinvestigatedbecauseitwas de-

rivedforbendingand,if theeffectof endconditionsmaybe

neglected,thediameterto thicknessratiosof 2571to 1125

usedin thisinvestigationimplya closerapproachto the‘fthin

tube[lthantheratioof 168forMr.Braziertsexperiments.lWr-

ther,forbending,equation(1)givesthesmallestmomentwhich

willcausefailure- thatis,fora lobedformwhen k = 2 - and

thissmallestmoment,wereanylobedformpossible,ischecked

by thetestresults.Theresultsshowthat,exceptin test1,

a lobed(morethan2) formdoesnot intervenebeforecomplete

collapse.Thepresenceof thebulkheadwouldtendtoprevent

thisformationof lobes. Further,thesetubesdidcollapseinto

at leastfourlobesbutnotuntilthetubeshadreachedthere-

giongivenby (l). In oneofI&.Brazier’steststhetwo-lobed

formlastedsometwosecondsbeforecollapseintothemultilobed

formbut in noneof the‘presenttestscouldthetwo-lobedform

be observed.

ThattestcylinderNo.1 wouldnotreachthetheoretical

limitwas suspectedfromtliestartbecause:

1. Itwas imperfectinmanufacture,havinga flareof from

1/16to 1/8inchwherethesheetjoinedtheflange.

2. Becauseof itsthinnessthesheetwasmoreaprobablydam-
,.
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agedto someextentin handling;and

3. Inboltingtheoylinderto thebackboardanyinitial

strainswouldhavea greaterproportionaleffectandthiswas

observedbecauseit tookmuchmoreadjustingto eliminateincip-

ientbulges.

Testcylinders2 and3 wereperfectas nearlyas couldbe

observed.Consideringcylinder1 as an exceptionallybad case

itwouldseemthatequation(6)wouldhavetobe reducedonly

slightlyto takecareof manufacturingirregularitiesin ortter

touseit as a designformula.It is possiblethatthisreduc-

tionshouldvaryaccordingto theabsolutethicknessof the.
sheetorwiththe D/t ratiobut furthertestswillbe required

+ to establishthisassumption.

A designrulef@rthebulkheadappeexslesseasyto deter-

mineandcertainlyis notpossiblefromconsiderationsof the

dataof thisinvestigationalone. Thereoultsprove,principal-

ly,thatthedesignrulesforbulkheadsas givenonpage60 of —
3ulletin7-A,Departmentof Commerce,AeronauticsBranch,are

excessivelyconservative.The

as a columnsupportedonly150

letin7-Aandmakingtheleast

length= ~ = 18 inches),it is

bulkheadringtestedseparately

pounds. Usingtherulesof Bul-

constirvativeassumptions(column

foundthatthebulkheadring

couldbe usedor.lyin a monocoquefuselagewherethetotalshear

wasr.omoret-nan636pounds.*The:lhearssust~.ir)edin thethree

testswere306lb.,781lb.,and15@ lb,,or 44 percent,112b *SeeAppendixII.

.



*

N.A.C.A.TechnicalYoteNo.357 25
s

Percent>and225Percentof theloadwhichthepresentdesign

ruleswouldpermit, If thetotaldeflectionof thebulkhead

sectionjustbeforefailureisusedto geta resultantcompree–

siveloadon thebulkheadfromtheload-deflectioncurve*of the.

ring,thisloadisfoundtobe 8 lb.,zeropounds,andlessthan

onepound,respectively.Theupward(positive)deformationof

thetopof thebulkheadin test1 wasundoubtedlydueto the

progressiveformationofbulgeswithloadingbecAtifie,in every

case,a positivedeformationaccompaniedcompletecollapseof

thetubeintobulges. Thechangein signof thedeformations

throughoutthetestscanonlybe accountedforby thedifferent

kindsof diagonaltensionfieldssetup in eachtest. Thedesign
.

ofbulkheadswould,therefore,seemto dependlessdirectlyon

theshearat thesectionandmoreon thesheetthicknessor D/t

ratio,andon thebulkheadspaoing.

Thestrengthof thetestcylindersaftera firstfailure

wasconsistentandrelativelygood. It is tobe understoodthat

thefirstfailurewas coupleteexceptthattheloadappliedwas

notallowed

twoinches,

thatbefore

to continueto actfora greaterdistancethanabout

Theaveragestrengthafterfailurewa~two-thirds

failure.Thisrecultservesn~ purposefordesign-

ingbut showsthatthistypeof structurestillhasconsiderable

valueafterthefailingloadhasbeenzppli~dfora shortperiod.

A similarconditionmightcomeaboutthrougha violentmaneuver,

inwhichcase,ifdeformationswerenottoogreat,the“plane. —— ——.
*SeeAppendixII.
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mightbe ableto flyto a landingfield.

Thattheresultspresentedherewithwillbe of someuse in

,workwithcorrugatedskinisprobable.Twopossiblewaysof

usingthehare:

1. Knowingthemomentof inertiaof a corrugatedsheet,the

solidsheetof thicknes6t, whichwouldhavethesamemoment

of inertiaperunitlengthcanbe determinedand,by applying

a factorperhaps,theallowableunitstresstobe appliedto

thecorrugatedskincanbe foundfrom(6)by usingtheratioof

fuselagediameterto effectivethicknesst, or

2. To findtheallowableunitstressby usingtheratio.
of radiusof curvatureof onecorrugationto theactualsheet

9 thickness.

Considerationsof theupperandlowerlimitsof radiusof

curvatureof onecorrugationsuggestthatthefirstmethodwould

be thebetter,especiallywhenit is realizedthattheratio

D/t hastobe reducedonlyto 118to showa unitstressof

55,000lb.per sq.in.,a~cordingto (6). No resultsofbending

testson corrugatedskinwereavailableforcomparisonandfor

definiteinformationthatwillbe necessary.

VIII.Conclusi on

Althoughno radialdeformationapproachingthevaluesof
2-r9 could-beobserved,as re~iredby the”th~ory,thetheoreti-

calresultsappeartobe applicable.Fora pme monocoquesec-S

.
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8 tioninwhichthebulkheadspaoingis of theorderofone-half

thediameter,thefollowingdesignvalueformaximumallowable

bendingstressis suggested:

Fb = w“ .
Thistypeof construction,thoughtheallowableunitstresses.

arelowforotherwisedesirablesections,showsa rathercon-

sistentlyhighstrengthaftera failurewhichhasnotbeenallowed

.

II*

toprogressveryfar. An averagevalueof two-thirdsthemaximum

strengthwas shown.

ThepresentdesignrulesforbulkheaddesignareUltracon-

servativeandwouldbearrevising.Thisinvestigationshows

onlythatthisisa factanddoesnotfurnishenoughmaterialto

showhowth’cdesignshoulddependon shearat thesection,sheet

thickness,diameterto thicknessratio,etc. As an appreciable

savingofweightwouldresultin alltypesof monocoque‘construc-

tionby beingableto designbulkheadringsto fitthecondi-

tionsimposedratherthanby thepresentdesignrules,itwould

seem

well

thata systematicinvestigationof thisproblemwouldbe
.

worthwhile.

Becauseof theproportionallylovermaximumbendingstress,

as comparedto themaximumtensilestress,forpuremonocoques

of D/t around2,0~0,itwouldseemthatthestrength-weight

ratiocouldbe raisedconsiderablyby theuse of evenlightlon-

gitudinalstiffenersto delaytheformationofbulgesandto de-
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creasetheirsize. Thismethodof stiffeningwouldappeartobe

moreefficientthanreduoingbulkheadspacing.It iswellknown

thatthelateralpressurerequiredtokeepa longcolumn(com-

parableto thecompression”sideof thethinsheet)frombuck-

linglaterallyis slightocmparedto theendthrust.A fewstiff-

eners,judiciouslyplaoednearthemosthighlystressedelement,

~wouldundoubtedlyincreasetheefficiencyof thesectionandfor

thisreasonwouldbearfurtherstudy.

Withthesamesheetthicknessanddiameterof section,a
.

corrugatedcovering,havingofnecessitya slightlyincreased
. weight,wouldshowa greaterefficiencythanthesmoothskin

f& large D/t ratios.It seemstobe an idealway to incorpo- ‘*
ratestiffeningfortheportionhavinghighcompressivestresses

duetobending.Perhapsa combinationof corrugationswherecom-

pressivestressesarehighandsmoothskinwheretheyarelow,

orwheretensionor shearonlyoccur,wouldprovepracticalfor

constructionaridif so,shouldcontributetowarddecreasing

structuralweight.Thesmooththincurvedsheetseemsto be a

basisforthestudyof thesevar~ations.It is hopedthatthe

resultsof thisinvestigationwillbe helpfulin theirsolution.
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Appendix I

Material:heat-treated
Diameterof tube
Sheetthickness
Ratioof D/t
Lengthof.tube
Wei~htof tube

Logof TestNO.1

aluminumalloy
36 inches
;014 1!

2571 N t%u$”
36 11
10.75 nounds.

Wei~htof loadingplatform It
Weightof tripodandgalvanizedirontube %.5 II

Load
added

97.5
39

25

%
25
10

;:
10
10
lp
5
5

Arm
—.
64.25
120

120
120
120“
120
120
120
120
120
120
120
120
120

Moment
increment

6260
4680

3000
3000
3000
3000
1200
1200
1200
1200
1200
1200
600
600

Total
load

97.5
136.5

161.5
186●5
211.5
236.5
246.5
256.5
2.65.5
276.5
286.5
29S.5
301.5
306●5

Total
moment

6260
10940

13940
16940
19940
22940
24140
25340
26540
27740
28940
30140
30740
31340

Read Defl. I Total
increment,deflection

2.184
2.131~“
2.121
1.068
1●068
1.068
1.069
1.071
1.149
1.151
1,155
1.158
1s167
1.193
held
failed

.000

.000

,000
.000
.001
.003
.078
.002
.004
.003
.009
.026

i
●000

I .000

.000

.Of)o
+.001
+.004
+.082

]:.;:;

+:091
+.100
+.126

Loadinpounds,momentsin inchpounds,deflectionsandarmsin
inches.

A positivedeflectionmeansa vertioalelongationat thebulkhead.

Afterfirstfailure:
Reducedloadonplatformto 70 lb.andstructurearose.
Held80 lb.onplatform(totalmoment= 20540in.lb.or 67

percentofmax.)andthenfailedagainon additionof
moreload.

Aftersecondfailure:
Held25 lb,onplatform(totalmom.= 13940in.lb.or 45

per centofmax.)

I/C=Ar2/2r= 0.014X 36 X 18 xn/2 = 14.27in.3.

L.. 566
R# -
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Maximumf
k

as shownby test= Me/I= 30740/14.27= 2150lb.
persqmn.

By equation(6) Fb max,= 6600900
2570 = 2567lb.per sq.in.

2150/2567= 84per-cent. — --- ...
r :“”

Material:heat-treated
Diameterof tube
Sheetthickness
Ratio”of D/t
Lengthof tube
Weightof tube

~ of TestNo. 2 -.

aluminumalloy
36 inches
.022 11

1636
36 : l?l~
13.75 pounds

Wei~htof loadingplatform 39 1!
Weightof tripodandgalvanizedirontube 97.5 1!

120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120

I
186.5;16940 1.330
236.5’–22940 1.330
286-5 28940 1.330
336.5 34940 1.330
386.5 40940I1.330
436.5 46940!1.330

1
486.5 52940 1.330
536.5 58940 1.330
586.5 64940 1.330
611.5 67940 1.331
636.5 70940il.331
661.5 7394011.331
686.5 76940 1.331
711.5 79940{1.331
736.5 82940\l.331
761.5 85940 1.331
771.5 87140I
781.5 88340~1.’7”

t

4680 t136.5’,L0940!1.331! 0;0
6000
6000
6000
6000
6000
6000
6000
6000
6000
3000
3000
3000
3000
3000
3000
3000
1200
1200

-.001
0

i-. 001
1-.001

0
0
0
0

:
0

+.()()1
o
0
0
0

,
;

+.4

k:
I
~-”

-9

I“- .

-9

(-.

I

001
001
001
001
001
001
001
0
0
0
0
0
0

!

i ‘held
~+.4failed
I tohold

Loadinpounds,momentsin inchpounds,deflectionsandarmsin
inches.

A positivedeflectionmeansa vertioalelongationof thebulkhead.
.

.

,.
..- >
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Afterfirstfailure:
Reducedloadto375lb.andstruoturearose.
Held435lb.onplatfor~(totalmoment= 63140,or 72percent

of maximum)andthenfailedagainon additionofmoreload.

I/c= A r2/2r=0.022x36x18xTT/2 =22.39 in?.
!.. . . --#- ——. .-J -- —- ——- ——. 1

Llax. tb as shownby test= Me/I= 8’Z140/Z2,3Y= 38S0lb./sq.in.

By equation(6) I?bmax.= 66~~~~o= 4034lb./sq.in.
3890/4034= 97 percent.

Logof TestNo.3“

.

.

.

Mp.terial:heat-treatedaluminumalloy
Diameterof tube 36 inches
Sheetthickness .032 II
Ratioof D/t 1125 : 5LL
Lengthof tube 36
Weightof tube 11.75 pounds
Weightof loadingplatform 39 II
Weightof tripodandgalvanizedirontube 97.5 II

Load~ Arm
addedi

97.5 64.25
39 120
345 120
255 120
100 120
100 120
100 120
100 120
100 120
100 ‘120
100 I,120
100 1120
20 120
10 120

I Moment

F

increment——
6260
4680
41400
30600

, 12000

I 12000
12000

I 12000
I 12000
, 12000
I 12C50

I 12000
2400
1200

1 1 t I
Total] Total! Read ~DeflzI T&al
load mo~ent~ ~incr’tldeflection

9?.5
136.5
491.5
736.5
836.5
936.5
1036.5
1136.5
1236.5
1336.5
1436.5
1536.5
1556.5
1566.5

62601.3861 0 I o
109401.386
!523401.384
829401.381
949401.380
1069401.379
118S401.378
13094011.377
1429401.3765
1549401.376
166940~1.3755
178940!1.3755
181340I
182540;1.753

-*:02
-.003
-.001
-,001
-,901
-m001
-,0005
-.0’305
-.0005
0

+.377

-.:02
-.005
-.006
-.007
-.008
-●009
-.0095
-.010
-.0105
-.0105

held
+.367failed

to hold

Leadinpounds,momentsin inchpounds,deflectionsandarmsin
inches.

A positivedeflectionmeansa vertical&lon,gationof thebulkhead.

●
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Afterfirstfailure:
+ Reducedloadto 750lb.andstructureaose+

HeZd825lb.onplatform(totalmoment= 109940or 61 percent
of max.)andthenfailedagainon additionofmoreload,

Maximumverticaldeflectionofbulkheadringobservedafter
failure= 2,060- 1,386= +.674inches,,

I/a= Arz/2r= .032

Max.fb as shownby

X 36 X 18 X Tr/2= 32.57~n,3

test= Me/I= *= 5570
.

By equation(6)Fb max.= 6600000 = 5870lb.persq.in.
1125

5570 = 95 percent.
5870

APPENDIX11

Thebulkheadring

Thecrosssectionof thebulkheadringis shownin Figure .
5. Itwas an aluminumalloysection,

:
heattreatedafterbending.

Thebulkheadringwas testedas a columnin themannerindicated

by theset-upshownin Figure18. Thebulkheadringtestedwas

identicalwiththeoneusedinthetestspecimens.Rivetholes.
weredrilledfora singlorowof 1/8inohrivetsspaced1 inch

apart. Therivetholesarein thetensionsideof thecross

sectionthatfailsinbending;thorcfore,havingtheseholes

filledwiththerivets,as theyarcin thetestcylinders,does

notaddstrengthto thecriticalsectionof thebulkheadring.

Forthesamedeflection,theshearcarriedby thebulkheadring

in the‘te~tcylinderwillbe proportional:0 thevalueindio~ted

in thistest;notequalto itbecausetheskindoesincreasethe

momentof inertiaof thesection,andtheshearload,being

. distributed,wouldcauserelativelylessdeflection,Theremain-

-1

—
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mat be carriedby the

skin. Dueto thecompletelateralsupportof theskin,theload

carriedby thebulkheadringmaybe increasedslightly.

TheDepartmentof CommerceAeronauticsBulletin

requiresthatthemainbulkheadsbe strongenoughto

shearloadat theirrespectivesecticnsas oolumns.

of determiningtheirstrengthis thesameas forthe

No.7-A

carrythe

Themethod

verticals

in a reinforcedframeworkexceptforthemethodof computing

thelength.If theyareverticalformorethan50percentof

thetotaldepthof section,L shouldbe takenas thelength

of theverticalportion.Iftheyarecurved,thelengthshould.
be takenas notlessthan50percentof thetotaldepthof sec-

. tionandthemaximumunitstresscomputedfromtheformula

.~+Pey
‘b A I

where e is themaximumoffsetfroma linejoiningtheendsof

theassumedeffectivelengthto theaxisof themember.In this

casethemaximumallowableunitstressshouldbe thatfora

Etraightcolumnof thesamelengthand o = 2, no additionbeing

madeto allowforthefactthatpartof thestressisdueto

bending.

Theset-upfortestingthebulkheadringprovidedlateral

supportat fivepointsas shownin Figure18. Thebaseof the

bulkheadringxestedon a flatsteelplate. A loadingplatform

washungfromthetopof thebulkheadring. Theloadwas added
●

. .

.



N.A.C.A.TeohnicalNoteNo.357 34

in ten-andfive-poundincrements.Thedeflectionsweremeasured

at thetop,alongthevertioalaxis,foreaohloadincrement.

Thedeflectionloadcurveis givenin F$~re 18.,Thebutt

jointjoiningthetwoendsof theringhada coverplateon

onlyoneside;hencetherewassomeplayin thejoin%. In test-

ing,thejointwasplacedwherethecompressiondueto theload

wouldforcethetwoendsof theringtogether.Thereversalof

curvatureon thelower“endof theload-deflectioncurve

causedby theplayin thejoint.

Theringhelda loadof 150poundsandfailedwith

is

5 pounds

moreload. Thetotaldeflectionbeforefailurewouldhavebeen

about3-1/2to 4 inches.Thelastmeasureddeflectionwas

3.273inchesfora loadof 145poundp. Thecrosssectionsof

thetwooriticalpoints A andB (Fig.18),weredeformedat

failure.The‘fhatilsectionflattenedoutandthefreeedges

turnedup towardtheneutralaxis.
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LogofBulkheadof RingTest
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Material:heat-treatedaluminumalloy
Diameterof ring 36 inches
Weightof loadingplatform , 10pounds
SeotionNo.104202
Areaof crossseotionA 0.106in.2
Momentof inertiaI 0.0134in.4
Distanceto neutralaxis c

115
120
125
130
135
140
145
150
155

0.224in.

Read 1Deflection
-.

+
increment—— ..— — —-

2.154
1.874
1.691
1.528
1.364
1.285
1.201
1.118
1.031
0.945
0.856
0.765
0.666
0.573
0.475
0.359
0.254

i 0.280

I
0.183
0.163
0.164
0.079
0.084
0.083
0.087
0.086

“ 0.089
o*091

I o● 099
0..093
0.098

I 0.116
I 0,.105

0.221~.575Spacer’
1.492
1.36-2
1.203
1.022
0.833
0.544
0.235

f

0.116
0.130
0.159
0.181
0.189
0.289
0.309

150Maximumallowablestressby ~ + ~ = ~ +

= 51,500lb.per sq.in.

Loadinpounds,deflectionin inches.

Total
deflection—

0.280
0.463
0.626
0.790
0.869
0.953
1.036

‘ 1.123
1.209
1.298‘
1.389
1.488
1.581
1.679
1.795
1.900

2.016
2.146
2,305
2.486
2.675
2.964
3.273

held
failed

150 (18+ 2) .224=
●0134

?,t’
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AnalysisofB@kheadRing

AccordingtoBulletin7-A,Department

Thecross-sectionalareaconsideredhas

duetoholesdrilled,as shownin Figure18.

36

of Commerce

the1/8inchgap

Momentof inertia,

area,andpositionof theneutralaxisareobtained

by useof an Amslerintegrator,froman enlargement

tion. .’

I = 0.0134in.4

graphically

of thesec-

A = 0.106in.2

ii= neutralaxisdistancefromopenbase= 0.244in,
= c forcompression

()& 0.0134
0.224 = 0.599inos

c‘comp.

Sincethememberis curved,considerthecolumnlength

equalto one-halfthediameter,andallowableP/A equalto

thatof a columnof thislengthwithendconditionssuchthat

a = 2.

L = 18 in. c =2

L/u = 50.5in. .*. a shortcolumn

Accordingto the~raightlineequation(Referenoe4, Table9:7,

page131),formaximumallowableP/A, ,

P/A= 48,000- 280L/~= 48,000- 14,100=

33,900lb.peraq.in,
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Equatingthis“to:+$:

e =18-18=
E

.
P 5.28P

0.106+ 0.0599

where e, theeccentricity,is

18- 12.72= 5.28in,

= 33,900

9.44P+ 88.2P = 33,900

33900AllowableP = ~ = 348lb.
●

Allowablesheara,tsection= 2P = 696lb.

.

.
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Appendix 111

Energy–MomentTheorem

An importantstepin thederivationof theexpressionfor

themeximummomentthata thin-walledcylinderwilldevelopis

basedon thefactthatthefirstderivativeof thetotalstrain

energyperunitlength,withrespectto thecurvatureof the

elasticaxisdueto a moment,is equalto themoment.Proofof

thisstatementis includedbecauseit isnotoneof thebetter

knownrelation;.

Fromthewell-knownbeamtheory:

Gurvatureofbeam = c=+

M=~=EIC (a)

If W is thetotalstrainenergyin a beamdeformedby bending,

8’7.#$~x and Vf.fz.-&dx (8.11Presccttts‘lElasticityi!)2 c

If U is thestrainenergyperunitlengthof thebeam,

Substituting(a)in (b)

u=
E2 12 (32 = EIC2
2EI 2

and

dU 2E-f~
m= 2 = !EIc= nioment.

(b)

0

.
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Fig.5
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Fig.6
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